Next-generation sequencing studies of saliva and dental plaque from subjects in both 25 healthy and diseased states have identified bacteria belonging to the Rothia genus as 26
Introduction 64
Over the past few decades of oral microbiology research, we have come to understand 65 that oral microbiota is imperative not only for our oral health but also for our overall 66 wellness. Thus far, the oral microbiology research field has focused significant efforts on 67 either describing taxonomic shifts of complex bacterial communities in healthy and 68 disease states, or studies of a few model organisms, e.g. cariogenic Streptococcus 69 mutans and the periodontal pathogen Porphyromonas gingivalis, while less attention 70 has been paid to commensal bacteria such as members belonging to the Rothia genus. 71
Our knowledge of bacterial taxonomic signatures expands well beyond our knowledge 72 of the functional roles of oral bacteria. However, some studies of small molecules (SMs) 73 (a.k.a. secondary metabolites), secreted by members of the Streptococcus genus, have 74 illustrated that antimicrobial bacteriocins and nonribosomal peptides play crucial roles in 75 colonization resistance against pathogens (1-3). In addition, recent genome mining 76 studies show that the broader oral microbiome is exceptionally rich in biosynthetic gene 77 clusters (BGCs), of which most are unexplored (4-6). Siderophores represent a 78 particularly interesting class of SMs since they not only have the capacity to modulate 79 the human microbiota, but also play critical biological roles for the eukaryotic host by 80 serving either as virulence mediators of pathogens, or as a stabilizer of the human iron 81 pool (7, 8) . Bacteria release siderophores into the surrounding environment where their 82 apo-form binds metals, resulting in the metal-ligated siderophore, which is imported 83 back into the cell to serve multiple functions in a variety of biochemical mechanisms, 84 such as oxido-reduction of heme-containing proteins (9). Siderophores are also known 85 to reduce oxidative stress deriving from reactive oxygen species (ROS) produced by 86 5 the NRPS small-molecule products were putatively annotated as griseobactin-like (4). 92
The griseobactin-like BGCs were harbored by oral community members belonging to 93 the ubiquitous and commensal Rothia genus, which are previously known for their 94 ability to reduce nitrate to nitrite and thought to limit the growth of aciduric and 95 acidogenic caries pathogens (13, 14) . R. mucilaginosa is one of the most well-studied 96
Rothia species and has also been identified as one of the most common community 97 members in healthy subjects as compared to subjects with caries disease (15), primary 98 sclerosing cholangitis (a liver and gall bladder disease) (16), oral squamous cell 99 carcinoma (17) , and bronchiectasis (18) . In contrast to their beneficial associations, 100 recent studies have also shown that R. mucilaginosa is associated with caries disease 101 (19, 20) , and lung diseases such as pneumonia and cystic fibrosis (CF) (21, 22) . In 102 addition, a study of the CF microbiota reported that R. mucilaginosa boosts the growth 103 of pathogenic Pseudomonas aeruginosa via cross-feeding mechanisms (14, 22) . The 104 functional role of Rothia in the human microbiota is not known, but its versatile 105 metabolic capacities such as fermentation of both complex carbohydrates and 106 peptides/proteins into primary metabolites (e.g. free amino acids, short chain fatty 107 acids), suggests that one of its ecological roles may be to provide growth substrates for 108 more specialized community members, such as Gram-negative non-mucous degrading 109 bacteria (i.e. Pseudomonas aeruginosa (22)). In this study, we explored further the 110 metabolic capacity of R. mucilaginosa ATCC 25296 and show that its genome harbors a 111 catechol siderophore BGC that encodes the archetypal siderophore 'enterobactin', and 112 not griseobactin as we predicted in our previous genome mining study (4). Similar 113 enterobactin-BGCs were identified in all of the genomes of two additional Rothia 114 6 species; R. dentocariosa and R. aeria. Here, we show that pure enterobactin reduced 115 growth of some cariogenic strains of S. mutans, a few commensal oral Streptococcus 116 species and oral Actinomyces timonensis. It also inhibited formation of the yellow 117 pigment staphyloxanthin and growth of methicillin-resistant strains of Staphylococcus 118 aureus (MRSA). S. aureus is not currently considered a pathogen in oral disease, 119 however, this view is changing as more cases of MRSA and MSSA have been reported 120 in infections of the oral cavity (23-25). Our study also illustrates that enterobactin 121 chelates both zinc and magnesium ions but with less affinity than Fe(III). Conclusively, 122
we describe a new key ecological mechanism that involves the metal-chelating 123 siderophore enterobactin, which not only supports survival and growth of the 124 underexplored yet frequently occurring oral R. mucilaginosa, but also reduces growth of 125 7 mining survey, targeting BGCs in 461 oral bacterial genomes, which identified a vast 138 unexplored repertoire of ~5,000 putative BGCs (4). In another study of children with 139 deep dentin caries disease, we found that bacterial community members belonging to 140 the Rothia genus, specifically Rothia mucilaginosa, were enriched and actively 141 replicating DNA in saliva from healthy children as compared to saliva from children with 142 caries (15). From the same metagenomes we also identified BGCs that were identical to 143 a highly similar NRPS-encoded cat-sid BGC was shared between all three species ( Fig.  160 S2), which illustrates a broader ecological importance of this siderophore. AntiSMASH 161 predicted that the closest homologue to the cat-sid BGC was a mirubactin BGC (14% 162 peptide sequence similarity) ( Fig. S1C ). Mirubactin is a mixed catecholate and 163 hydroxamate-type NRPS siderophore. However, AntiSMASH also predicted that the 164 core building blocks for siderophore biosynthesis were serine and dihydroxy benzoic 165 acid, showing support for the biosynthesis of a catecholate siderophore ( Fig. S1 ). 166 167
Screening for the siderophore in Rothia mucilaginosa growth extracts 168
To test if Rothia mucilaginosa ATCC 25296 secreted a siderophore while growing in 169
liquid growth cultures, we tested growth in multiple conditions. We specifically optimized 170 for growth in minimal media to reduce the number of metabolites that could interfere 171 with our downstream mass spectrometric analysis and purification of the siderophore. 172
Plateauing growth curves of R. mucilaginosa ATCC 25296 were obtained in liquid 173 minimal medium M9 cultures supplemented either with 100 mM sucrose or glucose 174 during aerobic incubation in 37° C ( Fig. 1A ). However, when incubated with other 175 carbon sources (glycerol, lactose, arabinose, or galactose) growth was reduced ( Fig.  176 1A). To explore if a siderophore was produced in any of the above culture conditions, 177
we screened liquid growth extracts using two different assays; a hydroxamate assay 178 that targets carboxylate siderophores (31) and the Arnow's assay, which targets 179 catecholate siderophores (32). Arnow's assay showed clear colorimetric changes as the 180 normally colorless M9 media turned ruby red in cultures incubated with sucrose and 181 glycerol, while the hydroxamate assay showed no color change. The presence of a 182 catecholate siderophore in these cultures was also confirmed using absorbance 183 measurements at 500 nm, which is known to capture catecholate derivatives (33). Not 184 only did these results illustrate that R. mucilaginosa ATCC 25296 can produce a 185 catechol siderophore but also that the AntiSMASH program could accurately predict the 186 correct core building blocks (serine and dihydroxy benzoic acid). To facilitate compound 187 isolation and purification, we further explored if glycerol, which is known to elicit 188 secondary metabolite production in other Actinobacteria (34), could increase 189 siderophore yields. This was indeed the case as enterobactin production increased 190 significantly in the glycerol amended cultures (Absorbance at 500nm: ~0.25) ( Fig 1B) . 191
However, under the same conditions, growth decreased ( Fig. 1A ). We also tested if 192 liquid cultures of Rothia dentocariosa M567, which also harbors a cat-sid BGC ( Figure  193 S2), can produce a siderophore when subjected to glycerol cultivation ( Fig. 1B) . 194
Production was observed for this species as well (Absorbance at 500nm: ~0.15) but not 195 to the same extent as for R. mucilaginosa (Fig.1B) . Further purification of this compound using HPLC showed a well-separated peak that 222 tested positive in the Arnow's assay ( Fig. 3 ). This peak was eluted and analyzed by 1 H 223 NMR to confirm that R. mucilaginosa ATCC 25296 produces enterobactin (Table S1) . 224
All observed chemical shift values in Table S1 (obtained from R. mucilaginosa's 225 enterobactin) were also reported previously in an Infrared (IR) and NMR spectroscopic 226 study of the archetypal enterobactin molecule (40). Proton and 2D NMR spectra 227 (HSQC, HMBC, and COSY) for the R. mucilaginosa-derived compound confirmed its 228 identity ( Figure S5 ). 229 11 230
Enterobactin activity screening using co-cultivation assays 231
Interactions between R. mucilaginosa ATCC 25296 or the purified enterobactin 232 compound and other bacterial species were studied by employing co-cultivation agar 233 assays and liquid growth assays. On agar plates, growth of R. mucilaginosa was 234 established prior to spotting the challenging species. Interactions were initially studied 235 on both rich (BHI) and minimal M9 agar media to investigate under which conditions R. 236 mucilaginosa could modulate growth of the competitor test strain, potentially via iron 237 competition (visualized as clearing zones surrounding R. mucilaginosa). In the liquid 238 mono-cultures, the purified siderophore was added at the same time as the cultures 239
were seeded with the test strain. We found that while growing on minimal M9 agar, 240 supplemented with glycerol (100 mM) during plate interaction studies, R. mucilaginosa 241 inhibited growth of Actinomyces timonensis DSM 23838 (Fig. S3A ), and reduced 242 pigment production in four strains of pathogenic Staphylococcus aureus in the presence 243 of catalase ( Fig. 4, Fig. S6 ). We added catalase to the agar plates to prevent growth 244 inhibition by eventual reactive oxygen species (ROS) produced by R. mucilaginosa. The 245 results suggest that inhibition of pigment production is not due to ROS but eventually to 246 enterobactin. To further elucidate this interaction, we conducted mono-culture 247 experiments on agar plates where we added the purified enterobactin to S. aureus agar 248 plates ( Fig. 5 ). With catalase added, statistically significant differences in pigmentation 249
were observed for all S. aureus strains amended with enterobactin, including MRSA 250 strains TCH70/MRSA and NR10129 (p<0.05, two-tailed t-test) ( Fig. 5 ), confirming an 251 important role of enterobactin in the inhibition of S. aureus virulence and growth (37, 38) . 252
For all the tested oral commensal and pathogenic Streptococcus species, no growth 253 inhibition was observed on agar plates. However, changes in growth were confirmed for 254 some of the species when adding the purified enterobactin compound to liquid cultures 255 (with or without catalase) ( Fig. 6 ). Of the pathogenic Streptococcus strains tested in 256 liquid growth cultures amended with enterobactin and catalase, we observed that 257 growth of both S. mutans UA159 and S. mutans B04Sm5 were significantly reduced 258 (p<0.05, t-test of averaged mean values) ( Fig. 6A, 6B ), illustrating that R. mucilaginosa 259 has the capacity to reduce growth of cariogenic pathogens, potentially via iron 260 competition. The commensal oral bacteria that were tested showed varying responses 261 to enterobactin and catalase (for a list of species tested see Materials and Methods 262 section). For example, growth of S. sanguinis ATCC 49296 was not significantly 263 impacted by enterobactin ( Fig. 6C ). However, when subjected to catalase treatment 264 (with and without enterobactin), S. sanguinis growth rate increased as optical density 265 (OD600) reached 0.25 after 10 hours of growth as compared to the non-catalase 266 amended cultures (OD 0.25 was reached after 20 hours) ( Fig. 6C ). This reflects that 267 catalase protects S. sanguinis from oxidative damage caused by its own ROS 268 production and thereby stimulates its growth (39). Growth of S. gordonii ATCC 35105 269 was significantly enriched by enterobactin but only without catalase (p<0.0001, t-test of 270 averaged mean values), which illustrates that growth was boosted by the presence of 271 enterobactin (Fig. 6D ). A similar trend was observed for Streptococcus salivarius SHI-3, 272 which also increased significantly in cultures amended with enterobactin when no 273 catalase was added (p<0.05, t-test of averaged mean values) ( Fig. 6E) . Conversely, S. To evaluate if enterobactin was actively chelating free iron throughout the liquid 298 cultivation experiments, we incubated 500 µM of the purified compound in sterile M9 299 liquid media as described for bacterial liquid cultures. By using Arnow's assay we 300 observed that its binding capacity to molybdenum (which in Arnow's assay substitutes 301 for iron) was reduced by 14% after six hours of incubation. Assuming that this response 302 is linear we estimated that 56% of enterobactin's activity was lost after 24 hours. This 303 suggests that the compound became inactive in our co-culture experiments over time 304
for physiochemical reasons and that a more dramatic effect of enterobactin likely would 305 have been observed if its activity had remained stable. 306
307
We also investigated if enterobactin can bind other metal ions by using the calmagite 308 assay, which is normally used for testing the hardness of water by detecting ions such 309 as magnesium (Mg), calcium (Ca) and zinc (Zn) that bind to ethylenediaminetetraacetic 310 acid (EDTA) (40,41). EDTA is used as a reference compound due to its well-known 311 chelation of divalent cations. Results from this test revealed that enterobactin can 312 chelate both Mg 2+ and Zn 2+ ions. Enterobactin showed a chelation activity of 40 µM 313 EDTA-equivalents at a concentration of 100 µM, which is 2.5 times less than EDTA 314 affinity for Mg 2+ and Zn 2+ (Fig. S7) . These results illustrate that enterobactin can indeed 315 chelate additional ions and not only ferrous iron (Fe 3+ ), which could have critical impacts 316 on other microbial community members as well as the human host. It is well known that 317 Zn 2+ is a critical component of the ubiquitous protein zinc fingers that are able to interact 318 directly with DNA, RNA, and proteins. Magnesium (Mg 2+ ) is involved in nervous system 319 signaling, immune system function and bone formation. Our findings show that R. 320 mucilaginosa has the potential to compete with the host not only for Fe 3+ but also for 321 Mg 2+ and Zn 2+ , which suggest that R. mucilaginosa could play an important role in 322 health and disease outcomes. 323
324
In conclusion, our study shows that R. mucilaginosa ATCC 25296 produces the 325 archetype siderophore enterobactin when growth conditions are suboptimal in a minimal 326 growth media supplemented with glycerol; a known inducer of secondary metabolites in 327 Streptomyces (42). We observed different growth responses to purified enterobactin by 328 various members of the oral microbiota; some commensal Streptococcus species 329 increased in growth while others decreased (independently in the presence of ROS). 330
Our findings also illustrate that growth of pathogenic bacteria (i.e. two cariogenic strains 331 of S. mutans and methicillin-resistant strains of S. aureus) is reduced in growth in 332 cultures amended with enterobactin. Moreover, while methicillin-resistant S. aureus 333 grew adjacent to enterobactin producing R. mucilaginosa ATCC 25296 (with or without 334 ROS present), the virulence factor known as golden pigmentation (staphyloxanthin) was 335 highly reduced. While we provide evidence that the loss of this golden pigmentation is 336 caused by enterobactin, the molecular mechanisms of the interaction remain to be 337 explored. Further examination of the role of R. mucilaginosa enterobactin in inhibiting 338 pigment production and bacterial growth may provide a pathway towards the 339 
Co-cultivation agar assays 387
For bacterial interaction screening studies, all bacterial isolates were seeded from 388 glycerol stocks in BHI (Oxoid, Thermo Scientific) media and incubated for 24 h before 389 placing on either BHI agar or M9 minimal agar media supplemented with either 100 mM 390 sucrose (Acros Organics, Pittsburgh, PA, USA), glucose (Millipore-Sigma), or glycerol 391 (Honeywell, Mexico City, Mexico). Plates were incubated either in a 5% CO2 incubator 392 at 37°C or anaerobically at 37°C in an anaerobic chamber (Coy Laboratory Products, 393
Grass Lake, MI) with a gas mix of 5% H2, 5%CO2, and 90% N2. All tested strains were 394 grown similarly except A. timonensis, which was incubated for 48 h in BHI in an 395 anaerobic chamber at 37°C before plating due to its slower growth rate in M9 minimal 396 media. R. mucilaginosa or R. dentocariosa were plated by dropping 20-30 µL, in three 397 to six replicates, onto plates, allowing the drops to air-dry before incubation. Control 398 incubations consisted of 20-30 µL drops of each tested bacterial species. Agar plates 399 with bacteria were incubated 24-48 h prior to adding another species. Interactions with 400 other bacteria were tested by adding a 20-30 µL drop next to the first strain, making 401 sure the drop made contact with the established bacterial strain. Interactions were 402 assessed after another 24-76 h of incubation. Interactions were screened with the 403 naked eye for growth inhibitions zones or other growth-related behaviors. All interaction 404 assays were repeated at least three times and documented. 405
406

Siderophore detection assays 407
To clarify the type of siderophore produced by R. mucilaginosa ATCC 25296 and R. 408 dentocariosa M567, siderophore-positive supernatants were assayed using Arnow's 409 assay (32) for catecholate compounds, and the iron perchlorate assay for hydroxamate 410 siderophores (31). For the hydroxamate siderophore assay, 1.0 ml of a 10 mM solution In order to gain further insight into the effects of enterobactin on bacterial growth, liquid 453 growth experiments were prepared with purified enterobactin from R. mucilaginosa. 454
Because hydrogen peroxide can also be responsible for growth inhibition, catalase (also 455 known as hydrogen peroxide oxidoreductase) was used in the culture medium to 456 degrade hydrogen peroxide and isolate the effect of the siderophore itself. Briefly, to 457 enrich for growth of each bacterial species that were included in co-cultivation 458 experiments in minimal M9 media, cultures were first established in BHI from frozen 459 glycerol stocks and incubated for 24 h aerobically in 37°C with 5% CO2. For the growth 460 curve assays, glucose was chosen as a universal carbon source to accommodate all 461 strains used, some of which are not able to grow on glycerol. BHI media was removed 462 from the cells prior to starting experiments in minimal M9 media as follows: one mL of 463 each culture was centrifuged at 7000 rpm for 10 minutes, the supernatant was removed 464 from the pellet using a sterile pipette, and the pellet was re-suspended in an assay 465 media consisting of 0.5 mL minimal M9 media supplemented with 100 mM glucose, 8 466 mM MgSO4, 0.8% deferrated amino acids, 1 µM FeCl3, either with or without 8 µg/mL 467 catalase (Millipore-Sigma). The bacterial cell suspensions were further diluted 1:20 in 468 the same media. A stock solution of enterobactin was prepared for the assay by 469 suspending purified enterobactin in M9 + 100 mM glucose, 8 mM MgSO4, and 0.8% 470 deferrated amino acids with or without catalase) to 200 µM. One hundred µL of the 200 471 µM siderophore suspension were added to a 96 well plate, in triplicate, for each 472 bacterial strain studied. One hundred µL of the 1:20 bacterial suspension was added to 473 each well, in triplicate for each condition. The control consisted of the same 474 preparations, but without the siderophore. All plates were incubated at 37ºC for 48 h in a 475
Tecan Infinite M Nano spectrophotometer and growth was monitored every hour by 476 absorbance measurements at 600 nm. Statistical analysis was done with the R package 477 "statmod" using the "compareTwoGrowthCurves" function with an nsim parameter value 478 of 100000 (48) based on a meanT calculation. All graphical figures were generated 479 using R Studio, version 1.2.5001 (49) and the package ggplot2 (50) . 480 were detected and counted by the R program "countcolors". The yellow pixels were 504 automatically replaced with blue by the program to better visualize the effect of 505 enterobactin on S. aureus pigmentation. Three images per condition and strain were 506 measured for yellow pigmentation, and a two-tailed T-test performed for each strain 507 using the percentage values obtained by the "countcolors" program, comparing each 508 strain with a control strain as described above. Enterobactin is best known for its ability to bind the insoluble trivalent iron (Fe 3+ ). In 526 order to assess the ability of enterobactin purified from R. mucilaginosa to bind 527 magnesium and zinc, the compleximetric dye calmagite was used in an assay format 528 (40,41). Calmagite forms colored complexes with magnesium and zinc as well as other 529 metals and was developed to quantify magnesium in biological samples (40). A 530 chelating compound such as EDTA or enterobactin, is able to break this complex and 531 elicit a color change from red to blue that can be measured spectrophotometrically. This 532 assay was adapted to the analysis of enterobactin as follows: Calmagite dye (Acros 533
Organics), was diluted in DI H2O to 0.4 mg/mL. A working solution was prepared 534 consisting of a 25 µM metal ion solution (either MgSO4 or ZnSO4 diluted in DI H2O), and 535 0.05 mg/mL calmagite compleximetric dye diluted in 62.5 mM NH4Cl, pH10. One 536 hundred and seventy-five µL were mixed with 25 µL of either a dilution series of EDTA 537 (for quantification via a standard curve) or 25 µL of enterobactin sample at 896 µM and 538 100 µM (unknowns). The standard curve and unknown samples were all assayed in 539 triplicate, and the disappearance of the red calmagite-metal complex due to EDTA or 540 siderophore metal-binding competition was measured at 650 nm in a Tecan Infinite M 541 Nano spectrophotometer set at room temperature. EDTA equivalents of enterobactin 542 were calculated by extrapolating enterobactin absorbance values from 3 rd order 543 polynomial line fitting of standard curve data (Fig. S7) . 
